We present the results of calculations of surface relaxations, rumplings, energetics, optical band gaps, and charge distribution for the SrZrO 3 and PbZrO 3 (001) and (011) surfaces using the ab initio code CRYSTAL and a hybrid description of exchange and correlation. We consider both SrO(PbO) and ZrO 2 terminations of the (001) surface and Sr(Pb), ZrO, and O terminations of the polar SrZrO 3 and PbZrO 3 (011) surfaces. On the (001) surfaces, we find that all upper and third layer atoms relax inward, while outward relaxations of all atoms in the second layer are found with the sole exception of the SrO-terminated SrZrO 3 (001) surface second layer O atom. Between all (001) and (011) surfaces the largest relaxations, more than 15% of the bulk lattice constant, are for the Sr-and Pb-terminated SrZrO 3 and PbZrO 3 (011) surface upper layer Sr and Pb atoms. Our calculated surface rumpling for the SrO-and PbO-terminated SrZrO 3 and PbZrO 3 (001) surfaces (6.77 and 3.32% of a 0 ) are by a factor of ten larger than the surface rumpling for the ZrO 2 -terminated (001) surfaces (−0.72 and 0.38% of a 0 , respectively). In contrast to the surface rumpling, the (001) surface energies are comparable and in the energy range from 0.93 eV/cell for the ZrO 2 -terminated PbZrO 3 surface to 1.24 eV/cell for the ZrO 2 -terminated SrZrO 3 surface. In contrast to the (001) surface, different terminations of the SrZrO 3 and PbZrO 3 (011) surfaces lead to very different surface energies ranging from 1.74 eV/cell for the Pb-terminated PbZrO 3 (011) surface to 3.61 eV/cell for the ZrO-terminated SrZrO 3 (011) surface. All our calculated (011) surface energies are considerably larger than the (001) surface energies. Our calculated optical band gap for the SrZrO 3 bulk, 5.31 eV, is in fair agreement with the experimental value of 5.6 eV. All our calculated optical band gaps for the SrZrO 3 and PbZrO 3 (001) and (011) surfaces are reduced with respect to the bulk. We predict a considerable increase in the Zr-O chemical bond covalency near the SrZrO 3 and PbZrO 3 (011) surfaces as compared both to the bulk and to the (001) surface.
Introduction
Strontium zirconate SrZrO 3 is of technological interest because of applications in fuel cells, hydrogen gas sensors and steam electrolysis [1] . Lead zirconate PbZrO 3 has many technologically important applications including actuators, capacitors and charge storage devices [2] [3] [4] .
For all these applications, the surface structure and the associated surface electronic and chemical properties are of primary importance. Ab initio calculations of SrZrO 3 and PbZrO 3 surface characteristics are useful to understand processes in which surfaces play a crucial role, such as the chemistry of surface reactions, interface phenomena, and adsorption.
In view of this technological importance, it is surprising that there have been neither experimental nor theoretical investigations of SrZrO 3 and PbZrO 3 (011) surface structure. Although experimental studies dealing with the SrZrO 3 (001) surface are still missing, the temperature dependence of the ferroelectric hysteresis and capacitance in PbZrO 3 epitaxial films has been investigated in the 4.2-400 K temperature range [5] . SrZrO 3 and PbZrO 3 (001) surfaces have recently been studied theoretically by means of ab initio methods [6] [7] [8] [9] [10] .
In contrast to ABO 3 perovskite (001) surfaces, their (011) surfaces are considerably less studied, both experimentally and theoretically. Most of the experimental work dealing with ABO 3 perovskite (011) surfaces was focused on the SrTiO 3 (011) surface using STM, UPS, XPS techniques, Auger spectroscopies, and LEED experiments [11] [12] [13] [14] [15] [16] [17] . The SrTiO 3 (011) surface, triggered by especially high technological importance of this perovskite, was also the most popular (011) surface for theoreticians, since four ab initio studies were performed for it during the last seven years using different density functional theory based methods, the Hartree-Fock (HF) method, as well as a hybrid description of exchange and correlation [18] [19] [20] [21] .
Regarding other ABO 3 perovskite (011) surfaces, Heifets et al [22] and Eglitis [23] investigated the atomic structure and charge redistribution of different terminations of BaZrO 3 (011) surfaces. Eglitis and Vanderbilt recently performed ab initio calculations based on hybrid HF and density functional theory (DFT) exchange functionals by using Becke's three-parameter method combined with the nonlocal correlation functionals of Perdew and Wang (B3PW) for the technologically important BaTiO 3 and PbTiO 3 (011) surfaces [24] . Finally, only two ab initio studies exist for the CaTiO 3 (011) surfaces. The ab initio study of CaTiO 3 (011) polar surfaces was performed by Zhang et al [25] and recently also by Eglitis and Vanderbilt [26] .
According to the experimental results [27] SrZrO 3 undergoes three phase transitions: it is orthorhombic with space group P nma below 970 K, and belongs to another orthorhombic space group C mcm between 970 and 1020 K. At 1020 K, it transforms into tetragonal with space group I 4/ mcm . Above 1360 K, it becomes cubic with space group P m3m . PbZrO 3 exhibits three different phases: a low temperature orthorhombic antiferroelectric phase stable up to 503 K, a rhombohedral ferroelectric phase stable at 503-506 K, and a cubic paraelectric phase above 506 K. For our SrZrO 3 and PbZrO 3 (001) and (011) surface calculations we chose the cubic phase because it is most extensively studied for other ABO 3 perovskites, such as, for example, SrTiO 3 , BaTiO 3 , PbTiO 3 , CaTiO 3 , and BaZrO 3 [19, [21] [22] [23] [24] [25] [26] . The surface studies for other SrZrO 3 and PbZrO 3 low symmetry phases remain a challenging future problem.
Computational method
To perform the first-principles DFT-B3LYP calculations, we used the CRYSTAL computer code [28] . This code employs Gaussian-type functions (GTF) localized at atoms as the basis for an expansion of the crystalline orbitals. Features of the CRYSTAL code, which are most important for study of perovskite surfaces, are its ability to calculate the electronic structure of materials within both HF and KohnSham (KS) Hamiltonians and implementation of the isolated 2D slab model without its artificial repetition along the zaxis. However, in order to employ the linear combination of atomic orbitals (LCAO)-GTF method, it is desirable to have optimized basis sets (BS). The optimization of such BSs for SrTiO 3 , BaTiO 3 and PbTiO 3 perovskites was developed and discussed in [29] . In this paper, for O atoms, we used this new BS which differs from previous calculations [30, 31] by inclusion of polarizable d-orbitals on O ions.
Our calculations were performed using the hybrid exchange-correlation B3LYP functional involving a hybrid of nonlocal Fock exact exchange, LDA exchange and Becke's gradient corrected exchange functional [32] , combined with the nonlocal gradient corrected correlation potential by LeeYang-Parr [33] . The Hay-Wadt small-core effective core pseudopotentials (ECP) were adopted for Sr and Zr atoms [34] . The small-core ECPs replace only inner core orbitals, but orbitals for sub-valence electrons as well as for valence electrons are calculated self-consistently. Light oxygen atoms were treated with the all-electron BS [29] .
The reciprocal space integration was performed by sampling the Brillouin zone of the five-atom cubic unit cell with the 5 × 5 × 1 Pack-Monkhorst net [35] , that provides the balanced summation in direct and reciprocal spaces. To achieve high accuracy, large enough tolerances of 7, 8, 7, 7, 14 were chosen for the Coulomb overlap, Coulomb penetration, exchange overlap, the first exchange pseudo-overlap, and for the second exchange pseudo-overlap, respectively [28] .
The SrZrO 3 and PbZrO 3 (001) surfaces were modeled with two-dimensional (2D) slabs, consisting of several planes perpendicular to the [001] crystal direction. (Henceforth, we shall use SrZrO 3 for presentation purposes, but everything that is said will apply equally to the PbZrO 3 case.) The CRYSTAL code allowed us to avoid artificial periodicity along the Oz direction and to perform simulations for stand-alone 2D slabs. To simulate SrZrO 3 (001) surfaces, we used symmetrical (with respect to the mirror plane) slabs consisting of nine alternating SrO and ZrO 2 layers (see figure 1) . One of these slabs was terminated by SrO planes and consisted of a supercell containing 22 atoms. The second slab was terminated by ZrO 2 planes and consisted of a supercell containing 23 atoms. These slabs are non-stoichiometric, with unit cell formulas Sr 5 Zr 4 O 13 and Sr 4 Zr 5 O 14 , respectively. These two (SrO and ZrO 2 ) terminations are the only two possible flat and dense (001) surfaces in SrZrO 3 perovskite lattice structure. The sequence of layers with [001] orientation in SrZrO 3 is illustrated in figure 1 .
Unlike the SrZrO 3 (001) neutral surface, the problem in modeling the SrZrO 3 (011) polar surface (see figure 2) is that it consists of charged planes, O-O or SrZrO. If one assumes fixed ionic charges O 2− , Zr 4+ , and Sr 2+ , then modeling of the SrZrO 3 (011) surface exactly as would be obtained from a perfect crystal cleavage leads either to an infinite macroscopic dipole moment perpendicular to the surface, when the slab is terminated by planes of different kinds (O 2 and SrZrO) (stoichiometric slab) (see figure 3(a) ), or to infinite charge, when it is terminated by the same type of crystalline planes (O 2 -O 2 (see figure 3(b) ) or SrZrO-SrZrO (see figure 3(c))) (non-stoichiometric slab). It is known that such crystal terminations make the surface unstable [36, 37] .
This was the reason why in our SrZrO 3 (011) surface calculations, in order to get the neutral slab, we removed the O atom from the upper and lower layers of the ninelayer symmetric O-O terminated non-stoichiometric slab (see figure 3 (d)), and Sr (see figure 3(e)) or both Zr and O atoms (see figure 3 (f)) from the upper and lower layers of the SrZrO-terminated non-stoichiometric slab. Thereby, in our calculations, the ZrO-terminated symmetric nine-layer non-stoichiometric slab consisted of a supercell containing 21 atoms, and finally, the Sr-and O-terminated symmetric non-stoichiometric nine-layer slabs consisted of supercells containing 19 and 20 atoms, respectively. In the present work, we define the unrelaxed surface energy of a given surface termination to be one half of the energy needed to cleave the crystal rigidly into an unrelaxed surface and an unrelaxed surface with the complementary termination . For SrZrO 3 , the unrelaxed surface energies of the complementary SrO-and ZrO 2 -terminated (001) surfaces are thus equal by definition, as are those of the ZrO-and Sr-terminated (011) surfaces. The relaxed surface energy is defined to be the energy of the unrelaxed surface plus the (negative) surface relaxation energy. In order to calculate the SrZrO 3 (001) surface energy, we started with the cleavage energy for unrelaxed SrO-and ZrO 2 -terminated (001) surfaces. Surfaces with both terminations simultaneously arise under (001) cleavage of the crystal, and we adopt the convention that the cleavage energy is equally distributed between the created surfaces. In our calculations, the nine-layer SrO-terminated (001) slab with 22 atoms and the ZrO 2 -terminated one with 23 atoms represent, together, nine bulk unit cells (45 atoms) so that
where denotes SrO or ZrO 2 , E (unr) slab ( ) are the unrelaxed energies of the SrO-or ZrO 2 -terminated (001) slabs, E bulk is the energy per bulk unit cell, and the factor of 1 4 comes from the fact that we create four surfaces upon the cleavage procedure. Next, we can calculate the relaxation energies for each of SrO and ZrO 2 terminations, when both sides of the slabs relax, according to
where E (rel) slab ( ) is the slab energy after relaxation (and again = SrO or ZrO 2 ). The surface energy is then defined as a sum of the cleavage and relaxation energies,
In order to calculate the SrZrO 3 (011) surface energies for the ZrO-and Sr-terminated surfaces, we consider the cleavage of eight bulk unit cells (40 atoms) to result in the ZrO-and Srterminated slabs, containing 21 and 19 atoms, respectively. We again divide the cleavage energy equally between these two surfaces and obtain
where denotes Sr or ZrO, E (unr) slab ( ) is the energy of the unrelaxed Sr-or ZrO-terminated (011) slab, and E bulk is the SrZrO 3 energy per bulk unit cell.
Finally, when we cleave the SrZrO 3 crystal in another way, we obtain two identical O-terminated (011) surface slabs containing 20 atoms each. This allows us to simplify the calculations since the unit cell of the nine-plane O-terminated (011) slab contains four bulk unit cells. Therefore, the relevant surface energy is
where
slab (O) are the surface energy and the relaxed slab total energy for the O-terminated (011) surface.
Results of calculations

SrZrO 3 and PbZrO 3 bulk atomic and electronic structure
As a starting point of our calculations, we calculated the SrZrO 3 (4.195Å), and PbZrO 3 (4.220Å) bulk lattice constants. Our calculated lattice constant for SrZrO 3 (4.195Å) is slightly larger than the experimental value of 4.109Å [38] . Also our calculated lattice constant for PbZrO 3 (4.220Å) is overestimated only by 1.4% in comparison to the experimental result (4.161Å [39] ). Thus, the computational approach used in the present study can be established as appropriate. We used the theoretical SrZrO 3 and PbZrO 3 bulk lattice constants in the following (001) and (011) surface structure calculations. To characterize the chemical bonding and covalency effects, we used a standard Mulliken population analysis for the effective atomic charges Q and other local properties of electronic structure as described, for example, in [40, 41] . Our calculated effective charges for the SrZrO 3 bulk are (+1.880e) for the Sr atom, (+2.174e) for the Zr atom, and (−1.351e) for the O atom (see table 1 table 1 ). The calculated forbidden optical band gap for SrZrO 3 and PbZrO 3 crystals depends considerably on the choice of the exchange-correlation functional (see table 2 ). As usual [42] [43] [44] , the Hartree-Fock band gap is considerably overestimated, whereas PWGGA and PBE are underestimated. The best results are obtained for the hybrid B3LYP method used later in this paper. Our calculated optical band gap by means of the B3LYP method for the SrZrO 3 bulk, 5.31 eV, is in an excellent agreement with the experimentally measured SrZrO 3 optical band gap of 5.6 eV [45] .
SrZrO 3 and PbZrO 3 (001) surface structure
Our calculated atomic displacements for the SrZrO 3 and PbZrO 3 (001) surface upper three layers are presented in table 3. According to the results of our calculations all atoms of the first and third SrZrO 3 and PbZrO 3 surface layer relax inwards, i.e. towards the bulk, while outward relaxations of all atoms in the second layer are found for both SrZrO 3 and PbZrO 3 (001) terminations. The only exception is inward relaxation of the SrO-terminated SrZrO 3 (001) surface second layer oxygen atom by a very small magnitude of 0.05% of a 0 . The relaxations of the surface upper layer metal atoms for SrO-and PbO-terminated SrZrO 3 and PbZrO 3 (001) surfaces are much larger than that of oxygen atoms which leads to a considerable rumpling (see table 4) of the outermost plane (6.77% and 3.32% of a 0 , respectively). Our calculated surface rumplings for SrO-and PbO-terminated SrZrO 3 and PbZrO 3 (001) surfaces (6.77% and 3.32% of a 0 ) are approximately ten times larger than the surface rumplings for ZrO 2 -terminated SrZrO 3 and PbZrO 3 (001) surfaces (−0.72% and 0.38% of a 0 , respectively). The inward relaxation of the (001) surface upper and third layer atoms and upward relaxation of the second [46] SrO-term [47] SrO 4 ). In contrast to our previous results, the current ab initio calculated surface rumpling for the ZrO 2 -terminated SrZrO 3 (001) surface is negative. Moreover, our calculated negative surface rumpling for the ZrO 2 -terminated SrZrO 3 (001) surface (−0.72% of a 0 ) is in a surprisingly good agreement with the earlier LDA calculation result by Wang and Arai [6] (−0.7% of a 0 ), however it is in contrast to the GGA result for the ZrO 2 -terminated SrZrO 3 (001) surface rumpling by the same authors (+0.3% of a 0 ).
To the best of our knowledge there are no experimental measurements for SrZrO 3 and PbZrO 3 (001) surfaces with which we can compare our calculated values of s, d 12 , and d 23 . Even when such data do exist, they are sometimes contradictory, as is the case for the SrO-terminated SrTiO 3 (001) surface, where existing LEED [46] and RHEED [47] experiments contradict each other regarding the sign of d 12 . We begin discussion of the electronic structure of SrO-, PbO-and ZrO 2 -terminated SrZrO 3 and PbZrO 3 (001) surfaces with the analysis of charge redistribution in near-surface planes. The calculated atomic displacements, effective static atomic charges (calculated using Mulliken population analysis) and bond populations between nearest metal and oxygen atoms are presented in table 5 . First of all, note that the effective static charges of Sr (+1.858e) on the SrO-terminated SrTiO 3 (001) surface are close to the +2e formal ionic charges, whereas that of Pb (+1.299e) on the PbO-terminated PbTiO 3 (001) surface is considerably smaller. Ti and O effective static charges are also much smaller than the formal ionic charges, similarly to the bulk, which results from the Ti-O covalent bonding. Comparing with the very small bulk Sr-O (+0.002e) and Pb-O (+0.030e) bond populations from table 1, we see that the Sr-O and Pb-O bond populations near the SrO-and PbOterminated SrZrO 3 and PbZrO 3 (001) surfaces are four and more than two times larger than in the bulk (see table 5 Table 5 shows that the Zr-O bond population for the ZrO 2 -terminated SrZrO 3 and PbZrO 3 (001) surfaces is considerably larger than the associated bulk value. We should stress here remarkable agreement of our B3LYP calculated SrZrO 3 optical bulk band gap, 5.31 eV, with the experimental value, 5.6 eV [45] . This is in a sharp contrast with the typical HF overestimate of the optical bulk band gap, 13.54 eV, and DFT underestimate (see table 2 ). The calculated optical band gap for the SrO-, PbO-, and ZrO 2 -terminated SrZrO 3 and PbZrO 3 (001) surfaces becomes smaller with respect to the bulk optical band gap (see table 6 ). The narrowest optical band gap between all SrZrO 3 and PbZrO 3 (001) surfaces, according to our B3LYP calculations, is for the PbO-terminated PbZrO 3 (001) surface (3.86 eV). In contrast, the optical band gap for the SrO-terminated SrZrO 3 (001) surface is considerably less, only by 0.27 eV, reduced in comparison to the calculated bulk value of 5.31 eV.
The surface energies of the relaxed SrZrO 3 and PbZrO 3 (001) surfaces, presented in table 7, were computed using [21, 23, 24, 26] were in the energy range between 0.74 eV/cell for the TiO 2 -terminated PbTiO 3 (001) surface and 1.31 eV/cell for the ZrO 2 -terminated BaZrO 3 (001) surface. The BaO (1.30 eV/cell) and ZrO 2 -terminated (1.31 eV/cell) BaZrO 3 (001) surface energies almost coincide, but the largest calculated energy differences were for the CaO (0.94 eV/cell) and TiO 2 -terminated (1.13 eV/cell) CaTiO 3 (001) surfaces. Nevertheless, all our previously calculated SrTiO 3 , BaTiO 3 , PbTiO 3 , CaTiO 3 and BaZrO 3 (001) surface energies were rather close, which means that both AO and BO 2 terminations could exist simultaneously.
SrZrO 3 and PbZrO 3 (011) surface energies and atomic structures
Unlike the SrZrO 3 and PbZrO 3 (001) surfaces, we see that different terminations of the SrZrO 3 (011) surface lead to great differences in the surface energies (see table 7 ). The surface energy difference between ZrO-and Sr-terminated SrZrO 3 (011) surfaces is equal to 1.40 eV/cell, which is larger than any of the SrZrO 3 or PbZrO 3 (001) surface energies. Among all the SrZrO 3 and PbZrO 3 (011) surfaces the Pb-terminated PbZrO 3 (011) surface has the lowest surface energy. The surface energy per unit cell for the Pb-terminated PbZrO 3 (011) surface 1.74 eV/cell is by a factor of two smaller than the ZrOterminated SrZrO 3 surface energy 3.61 eV/cell. In contrast to the SrZrO 3 (011) surfaces, the (011) surface energies are very close for the PbZrO 3 crystal. Namely, the Pb-terminated PbZrO 3 surface has the lowest energy 1.74 eV/cell between all PbZrO 3 (011) surfaces, while the ZrO-terminated PbZrO 3 (011) surface has the highest surface energy 1.89 eV/cell.
According to the results of our previous ab initio calculations for SrTiO 3 , BaTiO 3 , PbTiO 3 , CaTiO 3 , and BaZrO 3 (011) surfaces [21, 23, 24, 26] , the largest surface energy difference between two different (011) surface terminations was for the BaTiO 3 (1.52 eV/cell). The largest (011) surface energy was for the Ba-terminated BaTiO 3 (011) surface (3.24 eV/cell), while the smallest (011) surface energy was for the TiO-terminated PbTiO 3 (011) surface (1.36 eV/cell). According to the results of our previous ab initio calculations, among all the SrTiO 3 , BaTiO 3 , CaTiO 3 , and BaZrO 3 (011) surfaces, the lowest surface energy was always for the O-terminated (011) surface, while the TiO-terminated surface was the lowest energy (011) surface for the PbTiO 3 crystal.
An idea about the nature of the relaxed SrZrO 3 and PbZrO 3 (011) surfaces can be obtained from figure 3 . On the ZrO-terminated SrZrO 3 and PbZrO 3 (011) surface Zr atoms move inward by 6.16 and 6.87% of a 0 , respectively, whereas O atoms move outward by 4.36 and 4.27% of a 0 (see table 8), which leads to a large ZrO-terminated surface rumpling (see table 9 ). Also the other ZrO-terminated SrZrO 3 and PbZrO 3 (011) surface second and third layer atom displacement directions, and for the third layer O atoms even the displacement magnitude 5.69% of a 0 coincide. On the Srterminated SrZrO 3 and Pb-terminated PbZrO 3 (011) surfaces the upper layer Sr and Pb atoms move very strongly inwards by 15.73 and 15.17% of a 0 . These Sr and Pb atomic displacement magnitudes are the largest atomic displacement magnitudes [21, 23, 24, 26] are very large, and in the range from 9.96% of a 0 for the ZrO-terminated BaZrO 3 (011) surface to 11.81% of a 0 for the TiO-terminated CaTiO 3 (011) surface (see table 9 ). According to the results of our ab initio calculations for ZrO-terminated SrZrO 3 , PbZrO 3 , and BaZrO 3 , as well as for TiO-terminated SrTiO 3 , BaTiO 3 , PbTiO 3 and CaTiO 3 (011) surfaces, the compression between first and second layers is between 5.78 and 7.72% of a 0 . In contrast to a large compression of the first and second planes, the compression between second and third planes is much smaller, and in the range from 1.19% of a 0 for the ZrO-terminated BaZrO 3 (011) surface to 0.22% of a 0 for the ZrO-terminated PbZrO 3 (011) surface. In contrast, ZrO-terminated SrZrO 3 and TiOterminated CaTiO 3 (011) surfaces are expanded by 0.02% of a 0 and 0.34% of a 0 , respectively. table 10 ). There are no O atoms on the Sr-and Pb-terminated SrZrO 3 and PbZrO 3 (011) surfaces. However, the bond population between Pb(I) and O(II) atoms 0.120e is much larger than in the PbZrO 3 bulk and also considerably larger than near the PbO-terminated (001) surface.
We calculated the Mulliken effective charges Q, and their changes Q, with respect to the bulk values for atoms near the surface (see table 11 ) for the various SrZrO 3 and PbZrO 3 (011) surface terminations. On the ZrO-terminated SrZrO 3 and PbZrO 3 (011) surfaces, the charge on the surface Zr atom is seen to be slightly increased relative to the bulk (+0.003e and +0.074e), while the Sr and Pb atoms in the third layer lose (−0.017e and −0.068e), respectively. Zr atom charges in the third layer increased relative to the bulk (+0.019e and +0.051e). The largest charge change (+0.198e and +0.106e) is observed for subsurface O atoms giving a large positive change of +0.396e and +0.212e in the charge for the SrZrO 3 and PbZrO 3 subsurface layers. On the Sr-terminated SrZrO 3 (011) surface, negative changes in the charges are observed for all atoms except for the Zr atom in the third layer (+0.039e). The largest charge changes are for the surface Sr ion (−0.087e) and especially for the subsurface O ion (−0.193e). The largest overall change in a layer charge (−0.386e) appears in the subsurface oxygen layer as well. For the O-terminated SrZrO 3 and PbZrO 3 (011) surfaces, the negative charge on the surface oxygen is very strong, and for both materials almost equally decreased (+0.094e and +0.095e). Correspondingly, the second layer becomes substantially more negative (overall change −0.025e and −0.073e). The total charge densities on the third layer (−0.005e and +0.022e) and on the central layer (+0.01e and +0.01e) are almost unchanged.
Our calculated optical band gaps corresponding to the (011) surface are considerably reduced regarding the SrZrO 3 and PbZrO 3 bulk gaps. The smallest (011) band gaps, according to our calculations are for the SrZrO 3 and PbZrO 3 Sr-and Pb-terminated (011) surfaces, 4.40 and 4.39 eV, respectively. In contrast, the optical band gap for the Oterminated SrZrO 3 (011) surface is only by 0.04 eV reduced with respect to the bulk value (see table 6). [21, 23, 24, 26] , and seems to be a general rule for all our calculated ABO 3 perovskites. Turning now to the SrZrO 3 and PbZrO 3 (011) surfaces, we found that the inward relaxation of the upper layer metal atom on the ZrO-terminated SrZrO 3 and PbZrO 3 (011) surfaces (Zr displacement of 6.16% and 6.87%) is smaller than on the SrOterminated SrZrO 3 (001) surface (Sr displacement of 7.63%). However, the inward relaxations by 15.73% and 15.17% of the upper layer Sr and Pb atoms on the Sr-and Pb-terminated SrZrO 3 and PbZrO 3 (011) surfaces are about twice as large as the inward relaxation of the upper layer Sr atom on the SrOterminated SrZrO 3 (001) surface. In contrast to the SrZrO 3 and PbZrO 3 (001) surfaces, our calculated atomic displacements in the third plane from the surface for the SrZrO 3 and PbZrO 3 (011) surfaces are still substantial. Our calculated surface rumplings s for the ZrO-terminated SrZrO 3 and PbZrO 3 (011) surfaces are considerably larger than those of the SrO-and PbO-terminated SrZrO 3 and PbZrO 3 (001) surfaces.
As for the surface energies, we find that both the SrO-(1.13 eV/cell) and ZrO 2 -terminated (1.24 eV/cell) SrZrO 3 (001), as well as PbO-(1.00 eV/cell) and ZrO 2 -terminated (0.93 eV/cell) PbZrO 3 (001) surfaces are about equally favorable and may co-exist. In contrast, we see very large differences in surface energies on the SrZrO 3 (011) surfaces. Note that the SrZrO 3 and PbZrO 3 (001) surface energies are always smaller than the (011) surface energies. Also for our other calculated SrTiO 3 , BaTiO 3 , PbTiO 3 , CaTiO 3 , and BaZrO 3 perovskites, we can conclude that all AO-and BO 2 -terminated (001) surfaces are always almost equally energetically favorable, and that for all of our calculated ABO 3 perovskites, the (001) surface energies are considerably smaller than the (011) surface energies, which means that for all our calculated ABO 3 perovskites (001) surfaces are always more stable than the (011) surfaces.
Our calculated optical band gap for the SrZrO 3 bulk (5.31 eV) is in a perfect agreement with the experimental value of 5.6 eV [45] . The calculated optical band gaps near the SrZrO 3 and PbZrO 3 (001) and (011) surfaces are considerably reduced with respect to the bulk band gap. This finding is in line with the narrowing of the band gap at SrTiO 3 and BaTiO 3 (001) surfaces reported earlier by Padilla and Vanderbilt [48, 49] .
Our 
